logic estrogen replacement using transdermal, but not oral, estrogen increases bone accrual in adolescents with AN, while bisphosphonates improve BMD in adults. Recombinant human IGF-1 and teriparatide have been used in a few studies as bone anabolic therapies. More data are necessary to determine the optimal therapeutic strategies for low BMD in AN.
Introduction
Anorexia nervosa (AN) is a condition of severe undernutrition associated with an impaired body image that occurs in 0.2-4% of adolescents and young adults [1] . Some, though not all, studies suggest an increasing prevalence of AN, particularly in adolescents [2] [3] [4] . AN is associated with many endocrine changes, most of which are adaptive and an attempt to mobilize energy reserves or conserve energy for vital body functions. Unfortunately, these endocrine changes also contribute to impaired bone metabolism leading to low bone mineral density (BMD), impaired bone geometry, and reduced strength estimates, which in turn increase the risk for fracture. A higher prevalence of fractures has been reported in both adults and adolescents with AN [5] [6] [7] . This review will discuss the endocrine and bone changes that occur in AN and possible therapeutic approaches to low BMD, and it is based on a literature review of PubMed using combinations of search terms such as 'anorexia nervosa', 'endocrine changes', 'bone density', and 'bone health'.
Growth Hormone/Insulin-Like Growth Factor 1 Axis
Adolescents and adults with AN have a nutritionally acquired resistance to growth hormone (GH) characterized by lower levels of insulin-like growth factor 1 (IGF-1) compared to normal-weight controls despite higher concentrations of GH [8] [9] [10] [11] . Following an oral glucose load, nadir GH concentrations are higher than in controls, and a larger proportion of girls with AN fail to suppress their GH levels below 1 ng/ml [12] . Higher GH concentrations are a consequence of increases in basal secretion and secretory pulse amplitude and/or pulse frequency [8] [9] [10] [11] . Disorderliness of GH secretion, quantified by approximate entropy, is also increased in AN [9] . Low IGF-1 levels despite increased GH concentrations are a result of decreased hepatic GH receptor expression, indicated by decreased systemic concentrations of GH-binding protein [11, 13] , the cleaved extracellular component of the GH receptor. Increases in GH concentrations in AN are likely driven by decreased negative feedback from low hepatic IGF-1 secretion and increased secretion of the GH secretagogue, ghrelin [14] . Furthermore, low leptin levels in AN may contribute to increased GH secretion, as may higher fibroblast growth factor 21 concentrations [15, 16] .
Hepatic GH resistance in AN is confirmed by the absence of an increase in IGF-1 levels following administration of supraphysiologic doses of recombinant human (rh) GH [17] . In one study, compared to placebo, rhGH given 5-6 times in physiologic replacement doses for a period of 3 months did not increase markers of bone formation and resorption (despite the known bone anabolic effects of GH) [17] , and in observational studies, higher concentrations of GH in normal-weight controls, but not in girls with AN, are positively associated with concentrations of bone turnover markers [9] . In contrast, replacement doses of rhIGF-1 do increase markers of bone formation [18] and spine and hip BMD in AN in an estrogen-replete state [19] . These data support a resistance in AN to GH effects that are IGF-1 mediated. However, direct effects of GH appear to be preserved such that supraphysiologic doses of rhGH cause reductions in fat mass and increases in lean mass in women with AN [17] , and higher endogenous GH concentrations are associated with lower trunk fat in adolescents with AN [20] .
The impact of GH resistance on longitudinal growth is evident in young boys with AN, who tend to be shorter than their peers [21] . However, data are conflicting in young women with AN with studies variably reporting shorter, comparable, or taller stature compared to peers [22] [23] [24] . This dichotomy between the sexes may relate to the fact that much of statural growth is complete at the time of AN onset in girls, given the earlier growth spurt and cessation of statural growth in girls compared with boys.
The state of GH resistance in AN is likely adaptive to the state of undernutrition to help provide energy (as glucose) for vital functions. GH is a potent stimulator of gluconeogenesis, and a potentially beneficial effect of higher GH concentrations (and lower IGF-1) in AN is maintenance of euglycemia. Consistent with this, lower glucose levels in AN predict higher concentrations of ghrelin, a GH secretagogue, suggesting that lower glucose availability may stimulate increased ghrelin and hence GH secretion [14] .
Hypothalamic-Pituitary-Adrenal Axis
Adults and adolescents with AN have an upregulation of the hypothalamic-pituitary-adrenal axis [25, 26] with an increase in integrated cortisol concentrations and suboptimal cortisol suppression following administration of dexamethasone or a glucose load [26, 27] . Increased cortisol is subsequent to increased basal cortisol secretion, increased pulse frequency, and reduced cortisol clearance. Increased cortisol concentrations are associated inversely with BMD measures and markers of bone turnover in AN, in contrast to normal-weight controls [26, 27] . In addition, higher cortisol concentrations in AN predict lower extremity lean mass, consistent with the deleterious effects of excess cortisol on muscle [20] .
Cortisol stimulates gluconeogenesis, and levels in AN are associated inversely with fasting glucose [26] , suggesting that increased cortisol secretion, similar to increased GH secretion, in AN is an adaptive mechanism to maintain euglycemia. Another potential driver is increased ghrelin secretion, which in addition to being a GH secretagogue also stimulates adrenocorticotropic hormone secretion [14] .
Interestingly, weight gain in AN results in a reduction in cortisol pulse frequency; however, cortisol concentra-tions remain high for a variable period of time [26] . During weight recovery in adult women with AN, a higher baseline cortisol concentration predicts greater increases in trunk fat [28] . Further, in a study of adolescents with AN, those with higher baseline cortisol were more likely to gain weight and fat mass over time and resume menses [29] .
Adipokines and Appetite-Regulating Hormones
Adipokines, such as adiponectin and leptin (an anorexigenic hormone), and other appetite-regulating hormones, such as ghrelin (orexigenic) and peptide YY (PYY; anorexigenic), are altered in AN. Adolescents and adults with AN have low levels of leptin compared with controls [15, 30] due to a decrease in basal leptin secretion and pulse amplitude [15] . Decreased leptin secretion in AN reflects decreased fat mass and is an appropriate adaptation to reduce a potential anorexigenic stimulus. In addition, normal leptin concentrations are permissive for normal functioning of the hypothalamic-pituitary-gonadal (HPG) axis, and lower leptin levels in AN may contribute to impaired gonadotropin secretion [15] . Women with AN who have higher fat mass and leptin levels than women with AN and comparable weight are more likely to have menses despite low weight [31] . Systemic leptin is bone anabolic, particularly for appendicular and cortical bone [32] , whereas central leptin is deleterious to axial trabecular bone through its effects on the sympathetic nervous system [33] . In healthy populations [34] and in AN [35] , lower leptin levels have been associated with lower levels of bone formation markers and lower BMD.
Adiponectin is reported to be increased, unchanged, or decreased in AN compared to a normal-weight population [35] [36] [37] [38] [39] . These differences may relate to assays detecting different circulating adiponectin isoforms [40] , such that in AN, the percent of lower-molecular-weight to total levels is higher than in controls. In vitro studies suggest that higher adiponectin levels result in impaired gonadotropin secretion [41] . Further, in older men and postmenopausal women, higher adiponectin levels are associated with lower BMD [34] commensurate with a stimulatory effect of adiponectin on the secretion of RANKL (ligand of RANK) and a decrease in the secretion of osteoprotegerin, both of which increase osteoclastic activity [42] .
Ghrelin is an orexigenic hormone secreted by the gastric oxyntic cells. Ghrelin increases secretion of GH and adrenocorticotropic hormone and suppresses secretion of luteinizing hormone (LH) and follicle-stimulating hormone. Ghrelin levels are increased in adults and adolescents with AN [14, [43] [44] [45] from increased basal secretion and secretory pulse amplitude [14] . Higher ghrelin concentrations are an appropriate adaptation to stimulate food intake in starvation, to cause increased secretion of GH and cortisol, and to potentially suppress gonadotropin secretion [14] . Ghrelin may also have bone anabolic effects. In healthy adolescents, but not in AN, higher ghrelin levels predict higher BMD [46] , suggesting a possible resistance to ghrelin in AN.
PYY , an anorexigenic hormone, is increased in adults and adolescents with AN compared with controls [44, 47] , although some studies in adults report unchanged [48] or lower [49] levels. Lower fat mass correlates with higher PYY levels [47] . PYY can impact gonadotropin secretion [50] and is deleterious to osteoblast function [51] . Consistent with this, higher PYY levels are associated with lower levels of bone turnover markers in adolescents with AN [47] and with lower BMD in adults [52] .
HPG Axis
Although amenorrhea is no longer required for the diagnosis of AN based on DSM-5 criteria, menstrual dysfunction remains common in this condition. LH pulsatility patterns have been shown to revert in women with AN to an early pubertal pattern of sleep-entrained LH pulsatility or a prepubertal pattern of low-amplitude LH pulses [53] and return to normal with recovery. Serum levels of estradiol and testosterone are lower in adults and adolescents with AN compared with controls [54, 55] , and hypoestrogenism manifests as functional hypothalamic oligo-amenorrhea. However, a spectrum of menstrual dysfunctions occurs in AN with more subtle forms such as a short luteal phase or anovulatory cycles, in addition to frank hypothalamic oligo-amenorrhea. Altered patterns of LH pulsatility and functional hypothalamic amenorrhea stem from the underlying state of low energy availability and low fat mass, and many hormones that are altered in this energy deficit state may also impact gonadotropin secretion. For example, hormones such as IGF-1 and leptin that typically have a stimulatory effect on the HPG axis are decreased in AN, whereas hormones that are inhibitory to the axis, such as cortisol and ghrelin, are increased in AN.
Menstrual resumption (associated with weight gain) is often considered a sign of improvement and/or recovery in females with AN. Compared to adolescents who remain amenorrheic, those who regain menses tend to gain more fat mass over a given duration [29] . However, there is a significant overlap across groups, and there is no set body weight or percent fat mass above which menses resume. Menses recovery often occurs at a body weight that is about 2 kg above that at which menses stopped, and a large proportion of women with AN resume menses when they get to >90% of ideal body weight [56] . Ideal body weight can be difficult to quantify and is impacted by body size, parental height, and maturity, but is generally considered to correspond to the weight obtained by multiplying the 50th percentile of body mass index for age by the square of the individual's height in meters. Of note, it may take 6-12 months of being at this body weight before menses resume [56] . In one study of adolescent girls with AN, those with higher baseline integrated cortisol concentrations were more likely to resume menses [29] .
In females with AN, lower estradiol levels, later menarchal age, and a longer duration of amenorrhea are important determinants of low BMD [29, [57] [58] [59] [60] . Estrogen is antiresorptive and acts to reduce osteoclastic activity by decreasing secretion of RANKL and inflammatory cytokines and increasing secretion of osteoprotegerin [61] . It may also increase osteoblastic activity by reducing secretion of sclerostin, an inhibitor of osteoblast differentiation [62] . Testosterone also impacts bone, both directly and through its aromatization to estradiol [61] . Low testosterone levels have deleterious effects on bone, and an increase in testosterone following weight gain is an important predictor of increases in BMD in girls with AN [55] . Similarly, in boys with AN, lower testosterone levels predict lower BMD [54] . Lower testosterone in boys with AN is also associated with greater truncal adiposity [63] . Some studies have related estrogen deficiency in AN to alterations in cognitive measures and to greater anxiety and body dysmorphic symptoms with weight gain [64, 65] .
Weight gain and menstrual recovery are associated with a stabilization of BMD; however, complete catch-up does not occur, and residual deficits often persist [66] [67] [68] [69] [70] [71] ( fig. 1 ). Because gains in BMD are less than seen in a normal-weight population over the same duration, BMD Zscores may continue to decrease over time. As will be discussed in the section Calcium and Bone Metabolism, physiologic estrogen replacement results in bone accrual rates comparable to rates in normal-weight controls [72] . Physiologic estrogen replacement also reduces trait anxiety and prevents the increase in state anxiety and body dysmorphic behavior observed in those not on replacement therapy [65] .
Hypothalamic-Pituitary-Thyroid Axis
Thyroid-stimulating hormone and thyroid hormone levels in AN are reminiscent of a sick euthyroid state with normal or low levels of thyroid-stimulating hormone, low total triiodothyronine, and low normal or low free thyroxine [73] . Slight reductions in thyroid hormone levels are a normal adaptation to a low energy availability state and should help lower resting energy expenditure and conserve energy for vital functions. In fact, resting energy expenditure is lower in individuals with AN compared with controls [73] . Thyroid hormone status is an important determinant of the amount of brown adipose tissue, and women with AN have lower brown adipose tissue than controls [74] , which should preserve energy by reducing nonshivering thermogenesis.
Other Hormones
Other hormones that are altered in AN include insulin, amylin, and oxytocin [35, 75, 76] . Insulin and amylin are secreted in equimolar concentrations from the pancreas, and levels of both hormones are lower in AN than in controls [35, 76] . Reductions in insulin are appropriate in AN and should help preserve euglycemia. Furthermore, peripheral levels of oxytocin (which is anorexigenic) are also appropriately lower in AN [75] . Insulin, amylin, and oxytocin are bone anabolic, and reductions in these hormones in AN are associated with low bone density [24, 64, 65] .
Calcium and Bone Metabolism
One of the most important consequences of AN is low BMD. Adolescents and adults with AN have lower areal BMD (assessed using dual-energy X-ray absorptiometry; DXA) at multiple sites compared with controls [55, 57, 58, 66, 69, [77] [78] [79] [80] [81] [82] [83] [84] . Adolescent girls and women with AN tend to have greater involvement of sites of predominantly trabecular bone, such as the spine, although the hip and whole body are also affected [55, 58] . Adolescent boys with AN tend to have greater involvement of the femoral neck and total hip than the spine, although the spine is also affected [54] . Adults with AN have a decrease in bone formation and an increase in bone resorption markers, indicating an uncoupling of bone turnover [85] , whereas adolescents have a coupled decrease in bone turnover [86] , likely reflecting differences in normal bone physiology in 151 adolescents compared to adults, in whom peak bone mass is established. The effect of AN on bone is of particular concern during adolescence. The adolescent years are typically a time of increased bone accrual towards attainment of peak bone mass, an important predictor of future bone health and fracture risk. Bone accrual rates are markedly impaired in adolescents with AN, leading to a decrease in bone density Z-scores over time [55, 66] .
In addition to areal BMD, measures of volumetric BMD, bone geometry and microarchitecture, and surrogate measures of bone strength are impaired in AN. Adult and adolescent women with AN have a decrease in total and trabecular volumetric BMD, an increase in the trabecular cross-sectional area at the cost of the cortical cross-sectional area (likely from estrogen deficiency leading to increased endosteal bone resorption), and a decrease in trabecular number with an increase in trabecular separation [85, [87] [88] [89] [90] . Adults also have reductions in cortical and trabecular thickness [89, 90] . These changes result in a decrease in strength estimates, such as stiffness and failure load, and predict an increased risk for fracture [85] . Fracture incidence and prevalence are higher in adolescents and young adults with AN compared to controls [85] , and overall, young women with AN have a 60% increase in fracture risk, although the distribution of fractures does not differ from controls ( fig. 2 ) . Similarly, a higher prevalence of fractures has been reported in adults with a past history of AN [3, 7] . Given the morbidity and economic costs of fracture, it is critical to identify appropriate therapies for impaired bone health in AN.
Factors contributing to low bone density and impaired bone geometry and strength in AN include reductions in lean mass and body mass index, low levels of gonadal steroids, IGF-1 and leptin, and high concentrations of cortisol and PYY. Increases in lean mass with recovery are associated with increases in BMD in girls with AN [55] . Weight gain and menses resumption cause some improvement in BMD, though not quite to the extent seen in controls, and residual deficits persist [66] [67] [68] [69] [70] [71] . In adults with AN, weight gain results in increases in total hip BMD, whereas menstrual recovery leads to an increase in spine BMD, consistent with estrogen-mediated effects [84] . Overall, BMD increases by 2-3% annually in those who gain weight and recover menstrual function [84] .
Although estrogen deficiency is an important cause of low BMD, oral estrogen is not effective in increasing BMD in AN (except in a post hoc analysis of very-lowweight women), likely because of its IGF-1-suppressive effects [19, [91] [92] [93] [94] . In contrast, in one 18-month randomized placebo-controlled trial in adolescents with AN 12-18 years old, physiologic estrogen replacement as the 100-μg transdermal 17-β-estradiol patch (with cyclic oral medroxyprogesterone acetate 2.5 mg daily for 10 days of every month) was effective in increasing bone accrual rates to those seen in a healthy control population [72] ( fig. 3 ) . However, bone density remained lower than in controls because accrual rates need to exceed those in controls for catch-up to occur. This was not observed with estrogen replacement alone, likely because other hormonal alterations were not simultaneously addressed. Physiologic estrogen replacement did prevent a further reduction of BMD Z-scores in girls with AN. Maintenance of BMD Z-scores was also reported in an 18-month randomized controlled trial (RCT) in young women with AN using 5 mg daily oral dehydroepiandrosterone and an oral estrogen-progesterone combination pill (with 20 μg ethinyl estradiol) [95] . In contrast, testosterone replacement using the low-dose testosterone patch was not effective in increasing BMD in adult women with AN [96] .
Low IGF-1 levels are an important determinant of low BMD in AN. A 9-month RCT in adult women with AN of (1) replacement doses of rhIGF-1 with oral estrogenprogesterone versus (2) rhIGF-1 alone, or (3) oral estrogen-progesterone alone, or (4) neither led to a 1.8% increase in spine BMD in the group that received combination therapy compared to a 1% decrease in those who received neither [19] . Similarly, a 7-to 10-day study of rhIGF-1 versus no therapy in adolescents with AN led to a significant increase in bone formation markers in girls who received rhIGF-1 [18] . The effect of transdermal estrogen replacement in adults on BMD is unknown.
Leptin is also bone anabolic, and leptin levels are low in AN. One 3-month study of metreleptin versus placebo in adult women with hypothalamic amenorrhea reported an increase in bone formation markers following leptin administration and resumption of menses in 70% [97] . However, leptin administration led to a reduction in appetite and body weight. Therefore, therapeutic leptin administration would not be advisable in women with amenorrhea due to AN. A subsequent 9-month RCT of metreleptin versus placebo showed an increase in lumbar bone mineral content (BMC), but not BMD, in these women, but fat mass decreased despite careful dose titration to prevent weight loss [98] .
Pharmacological approaches to treat low BMD in AN include antiresorptive therapies such as bisphosphonates or denosumab, and bone anabolic therapies such as teri- Conversely, a 12-month study in adult women with AN of 35 mg weekly of risedronate versus placebo reported increases in spine and hip BMD (2-4%) in women who received the active drug [96] . One 6-month RCT of 20 μg daily teriparatide versus placebo in older adult women with AN reported significant increases in spine BMD in those who received teriparatide [99] . In that study, posteroanterior spine increased 6.0 ± 1.4% versus placebo, 0.2 ± 0.7% being the highest increase in spine BMD seen in any intervention study in this disorder. There are no studies thus far of denosumab or the anti-sclerostin antibody in AN.
Summary and Conclusion
Impaired bone health in AN is a consequence of changes in body composition and various endocrine axes, including the HPG, GH/IGF-1, hypothalamic-pituitaryadrenal and hypothalamic-pituitary-thyroid axes, and in various adipokines and appetite-regulating peptides. In addition to reductions in areal BMD, AN leads to impaired bone structure and strength estimates, associated with an increased risk for fracture. It is thus important to assess BMD in all individuals with a diagnosis of AN, particularly when the condition persists for longer than 6-12 months [73] . Clinically, BMD is assessed using DXA. In children who are still growing, recommended sites for assessment include the lumbar spine and whole body (preferably whole body less head), whereas in older adolescents who have completed growth and in adults, preferred sites include the lumbar spine and hip [100, 101] . In adolescents with AN, bone accrual rates are severely impaired, leading to further reductions in BMD Z-scores over time. Therefore, serial BMD assessment becomes important. In growing children and adolescents, repeat assessment may be performed every 6-12 months, whereas in older adolescents and adults, DXA scans are repeated every 1-2 years [100, 101] .
All individuals with AN should have a treatment team in place [73] , and the most important therapeutic goal is weight gain aiming for >90% of ideal body weight, followed by weight maintenance. Most females who attain >90% ideal body weight and are able to maintain this over 6-12 months will resume menstrual function [56] . When weight gain is difficult to achieve or if weight gain does not result in menstrual resumption, and particularly if bone density Z-scores are continuing to decrease or if the patient has a history of fractures or develops new fractures, it may be worthwhile considering physiologic estrogen replacement as the transdermal 17-β-estradiol patch with cyclic oral progesterone to stabilize or improve BMD Z-scores [72] . Of note, oral estrogen-progesterone therapy or testosterone replacement are not effective in increasing bone density in women with AN [92, 93, 96] . Testosterone replacement may be a reasonable option for hypogonadal men with AN and osteoporosis; however, data assessing the efficacy of testosterone replacement in men with AN are not available at this time. In adults with AN who have osteoporosis, bisphosphonates are an additional therapeutic option [96] . Although the use of bisphosphonates in premenopausal women Percent change in lumbar spine BMD in adolescent girls with AN randomized to placebo (AN E-), girls with AN randomized to physiologic estrogen replacement (AN E+), and normal-weight controls (C). AN E+ had significant increases in lumbar spine BMD at 6, 12, and 18 months compared with AN E-. When compared with C, AN E-had significant decreases in lumbar spine BMD at 6, 12, and 18 months, whereas AN E+ did not differ from C for changes in BMD over time.
An analysis was performed for differences between means for pairs, * p < 0.05. From Misra et al. [72] , Copyright 2011 by the American Society for Bone and Mineral Research.
with osteoporosis is problematic because of potential effects on subsequent pregnancies, its use in postmenopausal women with osteoporosis is indicated provided no contraindications exist. In some cases where there is a history of osteoporosis and clinical fractures in premenopausal women, clinical judgment should be used in assessing risks versus benefits of treatment. In addition to antiresorptive therapies such as estrogen and bisphosphonates, bone anabolic therapies such as rhGH, rhIGF-1, and teriparatide could be particularly useful in AN given that bone formation is decreased markedly in this condition. However, rhGH administration in supraphysiologic doses did not increase bone formation markers in adult women with AN, consistent with the state of GH resistance in this condition [17] . rhIGF-1 was effective in increasing bone formation markers in adults and adolescents with AN [18, 19] and in increasing bone density when given with oral estrogen in adults with AN [19] . rhIGF-1 with physiologic estrogen replacement is currently under investigation in adolescents with AN and may be even more efficacious in increasing bone density in this younger population given that IGF-1 levels typically peak during adolescence. Teriparatide was effective in increasing bone density in older women with AN in one pilot study [99] . However, more studies are necessary to confirm this effect, and for now, teriparatide use should be reserved for older women with osteoporosis in whom other therapeutic strategies are ineffective or contraindicated. Teriparatide should not be used for younger patients with open epiphysis. At this time, the best strategy for treating low BMD in AN remains weight recovery.
Of note, physiologic estrogen replacement was also effective in reducing trait anxiety and in preventing increases in state anxiety and body dysmorphism observed with weight gain in adolescent girls with AN who received placebo [65] . The impact of hormone replacement on quality of life in AN is an important question that remains to be explored.
